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Epidermal naevi are localized malformations of the
epidermis consisting of verrucoid scaly papules and
plaques following Blaschko's lines. Genetic mosaic-
ism has been proposed to underlie the develop-
ment of linear epidermal naevi. Rarely, epidermal
naevi show acantholytic histology similar to Darier's
disease, a dominantly inherited skin condition char-
acterized by widespread warty papules. As patients
with acantholytic dyskeratotic naevi often give a
history of worsening after sun exposure and the
lesions are typical of Darier's disease, numerous
authors have proposed that these patients have seg-
mental Darier's disease. The postulated relationship
has not been proven, however. Recently, we identi-
®ed ATP2A2, which encodes the sarco/endoplasmic
reticulum Ca2+ ATPase isoform 2 as the defective
gene in Darier's disease. In this report, we investig-
ated the involvement of ATP2A2 in acantholytic dys-
keratotic naevi following Blaschko's lines in two
patients. We identi®ed a nonsense mutation (Y894X)
in the ®rst patient and a nonconservative glycine to
arginine mutation at codon 769 (G769R) in the other
patient. These mutations were present in affected
skin, and were not detected in unaffected skin or in
leukocytes. We conclude that acantholytic dyskera-
totic naevi can arise from a somatic mutation in
ATP2A2. These individuals are mosaics for the muta-
tion, but the risk of transmission of generalized
Darier's disease will depend on whether the germline
is affected. Our ®ndings provide further evidence
that Blaschko's lines do re¯ect genetic mosaicism
and that the term acantholytic dyskeratotic naevus
might be replaced in the future by segmental
Darier's disease induced by postzygotic mosaicism.
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E
pidermal naevi are localized malformations of the
epidermis consisting of verrucoid scaly papules and
plaques, which tend to follow Blaschko's lines. In most
epidermal naevi the epidermis is hyperkeratotic and
acanthotic although a number of less common histo-
logic patterns have been described including epidermolytic
hyperkeratosis, acantholytic dyskeratosis, and nevus comedonicus
(Su, 1982). Genetic mosaicism has been proposed to underlie the
development of linear epidermal naevi (Moss, 1999). Evidence to
support this concept was ®rst provided by a study of three
individuals affected by widespread epidermal naevi of the
epidermolytic type and four of their offspring with generalized
epidermolytic hyperkeratosis (a widespread dominantly inherited
blistering disorder arising from mutations in the keratin genes, K1
and K10). In these patients point mutations were present in 50% of
the K10 alleles in the epidermal naevi, whereas no mutation was
found in uninvolved skin or blood (Paller et al, 1994). Offspring
with epidermolytic hyperkeratosis had the same mutations in 50%
of the K10 alleles from all cell types examined. Subsequently, a K10
mutation was identi®ed in the keratinocytes from a child with
linear epidermal naevi of the epidermolytic type but not in the
normal epidermis (Moss et al, 1995). Mosaicism was also demon-
strated in a patient with a linear comedonal naevus. Epidermal
scrapings showed a mutation in the gene for ®broblast growth
factor receptor 2. Mutations in this gene cause Apert syndrome, a
complex congenital malformation, characterized by craniosynos-
tosis, syndactyly, and generalized acne. This mutation was not
found in peripheral blood lymphocytes nor in follicular keratoses
on the other arm (Munro and Wilkie, 1998).
Epidermal naevi with an acantholytic dyskeratotic histology
show clinical and histologic similarities to a dominantly inherited
skin condition, Darier's disease (Burge and Wilkinson, 1991).
Patients with Darier's disease develop widespread warty papules
often around the second and third decades. Heat, sweating, and
sunburn exacerbate the condition. Similarly, many of these unusual
epidermal naevi present around the same age and may be
exacerbated by the same conditions. The histologic hallmark of
both Darier's disease and this form of epidermal naevus is
acantholytic dyskeratosis, i.e., loss of adhesion between keratino-
cytes (acantholysis) with abnormal keratinization (dyskeratosis)
(Weedon, 1992). On the basis of these clinical and histologic
similarities, linear epidermal naevi with an acantholytic dyskeratotic
histology are often classi®ed as localized (linear, naevoid, unilateral,
or segmental) Darier's disease (Starink and Woerdeman, 1981;
Moore and Schosser, 1985; Munro and Cox, 1992; Cambiaghi et al,
1995; O'Malley et al, 1997). The prevalence of this variant is
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unknown but has been estimated at approximately 10% of cases of
Darier's disease (Grif®ths et al, 1998). Unlike epidermal naevi of the
epidermolytic type, however, there are no reports of patients with
acantholytic dyskeratotic epidermal naevi who have transmitted
Darier's disease and the postulated relationship to generalized
Darier's disease has not been proven.
Recently, we identi®ed ATP2A2 as being the defective gene in
Darier's disease (Sakuntabhai et al, 1999). This gene encodes the
sarco/endoplasmic reticulum Ca2+ ATPase isoform 2 pump
(SERCA2), which plays an important role in Ca2+ signal
transduction (MacLennan et al, 1997). Here, we have tested the
hypothesis that acantholytic dyskeratotic naevi following Blaschko's
lines can be mosaic disorders caused by postzygotic mutations in
ATP2A2.
MATERIALS AND METHODS
We studied two individuals with segmental warty epidermal naevi
following Blaschko's lines. Skin biopsies had been taken from each patient.
In each case the histology was acantholytic and dyskeratotic resembling
Darier's disease. Neither of the patients had a family history of Darier's
disease.
Clinical characteristics Patient 1 was a 48-y-old female who developed
an epidermal naevus on the lateral aspect of the right leg at the age of 11 y.
Over the next 30 y the naevus slowly extended to involve the trunk, arm,
and forehead on the right side of the body (Fig 1a, b). The naevus followed
Blaschko's lines. She had no nail or palmar signs. The condition was
exacerbated by sunlight and has been complicated by episodes of cutaneous
herpetic infection limited to the naevus. Topical retinoids have been
helpful. She developed grand mal epilepsy as an adult. An electro-
encephalogram and computerized tomography were unremarkable. Her
father also has epilepsy. She has no children.
Patient 2, a 35-y-old white male, noted papules over a 2 cm area on the
anterior lower right trunk at the age of 17. Approximately 2 y before he
®rst noted the lesions, the patient suffered blistering sunburn in a similar
distribution. During the next 5 y, additional lesions appeared on the right
trunk and back, in a distribution following the lines of Blaschko. The
lesions did not cross the midline. Seventeen years after the initial
presentation, another area became apparent on the right inner thigh. He
has been treated with topical retinoids with a partial response. He has no
children.
Mutation analysis Blood samples were obtained from each patient and
super®cial 4 mm punch biopsies or shave biopsies were taken from affected
and unaffected skin. Genomic DNA from peripheral blood leukocytes,
together with affected and unaffected skin of each patient, was extracted
using standard procedures. Polymerase chain reaction (PCR) ampli®cation
of 21 exons and ¯anking intronic splice sites of ATP2A2 was performed
using previously published primers and conditions (Sakuntabhai et al, 1999).
ATP2A2 was screened for mutations by conformation-sensitive gel
electrophoresis (CSGE), as described by Ganguly et al (1993). PCR
products showing abnormal electrophoretic mobility were gel-puri®ed
using Qiaquick PCR puri®cation columns (Qiagen, Crawley, U.K.). The
PCR products were sequenced directly and the products from patient 2
were also subcloned with a TA subcloning kit (Invitrogen, Groningen, The
Netherlands) before sequencing. The PCR products and the clone inserts
were sequenced using the ABI PRISM AmpliTaq reaction dye terminator
cycle-sequencing kit (PE Applied Biosystems, Warrington, U.K.) and an
Applied Biosystems model 373 A automated sequencer. All products were
sequenced in the forward and reverse orientations.
RESULTS
Identi®cation of a nonsense mutation in ATP2A2 in
patient 1 CSGE analysis of ATP2A2 ampli®ed products from
genomic DNA extracted from affected skin from patient 1 showed
abnormal electrophoretic mobility of exon 18. Direct sequencing
of the PCR product revealed a C to A substitution at nucleotide
position 2682 changing a tyrosine codon 894 to a TAA stop codon
(Y894X) (Fig 2a). This mutation is located within the eight
transmembrane domain of SERCA2. CSGE analysis and direct
sequencing of exon 18 ampli®ed from genomic DNA from
unaffected skin and peripheral blood leukocytes did not show this
change.
Identi®cation of a glycine to arginine substitution in
ATP2A2 in patient 2 CSGE analysis of ampli®ed DNA
extracted from affected skin from patient 2 showed abnormal
electrophoretic mobility of exon 15. Although direct sequencing of
Figure 1. Clinical features of patient 1. (a) Warty papules in a linear
pattern following Blaschko's lines on the right side of the trunk. The
patient had no lesions on the left side of the body. (b) A linear band of warty
papules on the right side arm. A similar band of papules extended from the
lateral aspect of the right foot to the thigh.
VOL. 115, NO. 6 DECEMBER 2000 ATP2A2 MUTATIONS IN SEGMENTAL DARIER'S DISEASE 1145
the PCR product did not detect any mutation, sequencing of
subcloned PCR products revealed, in two of 19 clones, a G to A
substitution at nucleotide position 2305, changing glycine codon
769 to an arginine (G769R) (Fig 2b). This mutation occurs in the
®fth transmembrane domain of SERCA2 and was not detected
through direct sequencing of 50 British control individuals,
indicating that it is not likely to be neutral polymorphism. CSGE
analysis and direct sequencing of exon 15 ampli®ed from DNA
from unaffected skin and peripheral blood leukocytes did not show
this change.
DISCUSSION
We have shown for the ®rst time that acantholytic dyskeratotic
naevi can arise from a somatic mutation in ATP2A2, the gene that
is also defective in generalized Darier's disease. This result indicates
that these patients do have segmental Darier's disease and are
mosaics for an ATP2A2 mutation.
There have been no reports of patients with segmental Darier's
disease transmitting the generalized condition to their offspring.
The embryologic events that lead to a somatic mutation are
unclear, but mutations late in embryogenesis may spare the
germline. Genetic and clinical mosaicism have also been demon-
strated in epidermal naevi with an epidermolytic hyperkeratotic
histology (Paller et al, 1994; Moss et al, 1995; Moss, 1999).
Epidermolytic hyperkeratosis in these cases was caused by a
mutation in a suprabasal keratin gene (K10). Individuals with
epidermal naevi in the study by Paller et al transmitted generalized
epidermolytic hyperkeratosis to their offspring and it was suggested
that the risk of germline transmission might increase with extensive
skin involvement. Although there are no reports of patients with
segmental Darier's disease transmitting generalized disease, how-
ever, one must be cautious about using extent of disease alone as
the basis for counselling patients, as the limited cutaneous
manifestation may not re¯ect the true extent of mosaicism.
A structural and functional model of sarco/endoplasmic
reticulum Ca2+ ATPase pumps has been proposed on the basis of
their amino acid sequences, site-directed mutagenesis experiments,
and modeling studies (MacLennan et al, 1997). The ATP2A2
mutations that we describe predict the absence of protein
expression or altered functional domains of SERCA2. The
ATP2A2 mutation identi®ed in the ®rst patient leads to a
premature termination codon. This mutation is expected to result
in nonsense mediated mRNA instability leading to a null allele. In
the second patient, the G769R mutation replaces a hydrophobic
amino acid residue by a basic one in the ®fth transmembrane
domain of the protein. This mutation occurs at a position
immediately adjacent to E770, which is one of the ®ve potential
Ca2+ binding ligands of SERCA2. In addition, G769 has been
studied by site-directed mutagenesis of SERCA1 and has been
shown to result in complete loss of Ca2+ transport activity
(MacLennan et al, 1997). For these reasons, it is likely that this
mutation interferes with SERCA2 function and impairs Ca2+
transport across the sarco/endoplasmic reticulum membrane.
It is noteworthy that direct sequencing of the PCR products
from exon 15 in patient 2 did not detect this mutation, but the
mutation was identi®ed by sequencing cloned PCR products. This
may be due to the fact that the skin biopsy contains a mixture of
epidermal and dermal cells, of which only the epidermal
component is expected to carry the mutation in a disorder
following Blaschko's lines (Moss, 1999). It is also possible that in
patient 2 the mutation is present in only a proportion of
keratinocytes that depends on the ratio of affected and unaffected
keratinocytes contained in the area of the skin biopsy.
In conclusion we have demonstrated that genetic mosaicism for
mutations in the Darier's disease gene, ATP2A2, causes acantho-
lytic dyskeratotic naevi. These individuals have segmental Darier's
disease and the risk of transmission of generalized disease will
depend on whether the germline is affected. Our ®ndings provide
Figure 2. Identi®cation of ATP2A2 muta-
tions. (a) Patient 1: Direct sequencing of PCR
products revealed a C to A substitution at nucleo-
tide position 2682, changing a tyrosine codon 894
to a TAA stop codon (Y894X). (b) Patient 2: Se-
quencing of subcloned PCR products revealed a
G to A substitution at nucleotide position 2305,
changing a glycine codon to arginine (G769R) in
two of 19 clones.
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further proof for the hypothesis that Blaschko's lines are linked to
the movement of distinct genetic clones of cells in the developing
embryo.
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